In order to effectively reduce the thermal stresses of Si/GaAs bonding wafers during their annealing process, first of all, based on E. Suhir's bimaterial thermal stress theory, the thermal stresses in the wafer bonding interfaces are analyzed and the thermal stress distribution formulas are obtained. Then, the thermal stress distribution curves of Si/GaAs bonding interfaces are investigated by finite element method (FEM) and are compared with the results from E. Suhir's bimaterial thermal stress theory. Finally, some effective strategies are proposed to reduce the thermal stresses in the bonding interfaces.
Introduction
Wafer bonding is an important technology of the semiconductor process, in which wafers are directly attached under certain conditions. This technique can be mainly divided into three processes: surface treatment, prebonding, and annealing. During the annealing process, thermal stresses of prebonding wafers occur due to the different thermal expansion coefficients of the bonding materials. When the thermal stresses are too large, they will seriously affect bonding, resulting in a decrease in the quality and performance of the structure, even causing the wafers to be damaged. Thus, analyzing the mechanism and mitigation strategies of thermal stresses is of great importance to improve the quality of devices.
In this study, stresses in the wafer bonding interfaces are analyzed according to E. Suhir's bimaterial thermal stress theory [1] and the analytical solution of thermal stress distribution in Si/GaAs wafer bonding interfaces is calculated. In ANSYS Workbench finite element analysis, the simulation solution of the thermal stresses is obtained and then compared with the results from the analytical solution.
There are various methods to analyze thermal stresses of bonding wafers. In [2] [3] [4] [5] [6] [7] , the thermal stresses of bonding materials were analyzed by using a two-dimensional plane structure. But they did not analyze the annealing process from the three-dimensional point of view and could not reflect the thermal deformation and thermal stress distribution. The references [2, 4, [6] [7] [8] [9] analyzed the effect of annealing temperature on thermal stresses, while the influence of wafer thickness on thermal stresses was analyzed by [2, [5] [6] [7] 10] . The references [11, 12] analyzed the effect of annealing temperature on bonding strength. The influence of wafer thickness on bonding strength was analyzed by [13] . But only one or two measures were proposed to reduce the thermal stresses considering the annealing temperature or wafer thickness; the analysis of the factors which affect the thermal stresses was not comprehensive yet.
Planar and cross-sectional distributions of thermal stresses in the bonded InP/Si pairs were analyzed by the two-dimensional finite element method in [14] ; the authors analyzed the effect of annealing temperatures and wafer thicknesses on the thermal stresses by an analytic method. But [14] did not combine theory and finite element analysis to discuss the measures to reduce the thermal stresses, and the distributions of thermal stress were not concrete. In view of the research results and limitations mentioned above, this paper aims at the bonding problems of Si and GaAs. The thermal stresses of the bonding wafers are analyzed through both E. Suhir's bimaterial thermal stress theory 2 Advances in Materials Science and Engineering and three-dimensional finite element simulation. The visual displacement contours and the stress curve diagrams are obtained and the approaches to mitigate the adverse effect of thermal stresses are proposed and studied.
Besides the thermal-mismatch stresses, the latticemismatch stresses are the other type of stresses in the bimaterial semiconductor. E. Suhir compared these two types of stresses by the theoretical derivation and several examples in [15] . As for the lattice-mismatch stresses, an effective and physically meaningful analytical predictive model was developed to evaluate the lattice-mismatch stresses in a semiconductor film grown on a circular substrate by E. Suhir in [16] , and it was concluded that the shearing stress of the theory-of-elasticity prediction was larger than that of the strength-of-material one.
As mentioned above, the thermal-mismatch stresses and the lattice-mismatch stresses are two types of stresses. This paper focuses on the thermal-mismatch stresses of the Si/GaAs bonding wafer by Suhir's bimaterial thermal stress theory [1] and three-dimensional finite element simulation. As for the lattice-mismatch stresses of the Si/GaAs bonding wafer and the comparison between its lattice-mismatch stresses and the thermal-mismatch stresses, they will be discussed in the near future.
Model and Analytical Equation of the Thermal Stresses
In this study, we mainly discuss the bonding condition of Si and GaAs. ∘ C to 20 ∘ C. The temperature change is set to be uniform, the bonded wafer interface is without cavity, the thermal expansion coefficient is linear, elastic, and isotropic, and material parameters are independent of time and temperature [2] . Meanwhile, assume that the wafers are free of stress at their initial annealing temperature (300 ∘ C). When the temperature changes, the shearing stresses ( ), peeling stresses ( ), and normal stresses (radial normal stresses ( ) and circumferential normal stresses ( )) are generated near the surface of the bonding wafers. The shearing stresses and normal stresses are parallel to the bonding interfaces, and the peeling stresses are perpendicular to the bonding interfaces. Figure 1 shows the stresses distribution during the annealing process, and the circumferential normal stress is perpendicular to the plane. Figure 1 is the schematic diagram of the bonding structure of two circular wafers with the same diameter and the total thickness is ℎ (the thickness of Si is ℎ 1 and the thickness of GaAs is ℎ 2 ). ( ) is the shearing force (the direction of the force is parallel to the bonding interfaces) per unit width ( -axis) of the wafer bonding interfaces. The thickness of the bonding wafers is small, so the shearing force can be regarded as a uniform distribution in the direction of wafer thickness, so
In this equation, ( ) is the shearing stress per unit length ( -axis) of bonding interfaces and is the radius of the wafers.
To investigate the force and equilibrium of the bonding wafers at the cross section, the moment balance equations of the cross section are
where 1 ( ) and 2 ( ) are two bending moments at the cross section of the wafers:
where the effective Young moduli of the two wafers are * 1 = 1 /(1 − According to Suhir's bimaterial thermal stress theory, the shearing stresses in the bonding interfaces are [17] 
where
2 is the lateral ( -axis) flexibility coefficient of the wafers, = 1 + 2 , where
2 ) are the coefficients of bending stiffness of two wafers, = 1 + 2 , where 1 = 2(1 + 1 )ℎ 1 /3 1 and 2 = 2(1 + 2 )ℎ 2 /3 2 are the longitudinal ( -axis) flexibility coefficients of two wafer bonding interfaces, Δ = 2 − 1 , where 1 and 2 are the thermal expansion coefficients of the two kinds of materials, and Δ is the high and low temperature difference during the annealing process.
The peeling stresses are [17] 
4 2 /( 4 + 4 4 ), and = 2 /2 2 . The radial normal stresses (tensile stress or compressive stress) are determined by the shearing force ( ) and bending moment ( ) ( = 1, 2) of the wafers. Combining formulas (1), (3), and (4), we can get the expression of the radial normal stresses of Si and GaAs bonding interfaces [18] :
where "+" indicates that the radial normal stress is tensile stress and "−" indicates that the radial normal stress is compressive stress. This is because the thermal expansion coefficient of GaAs is larger than that of Si. In the cooling process, the shrinkage of GaAs is larger than the shrinkage of Si, leading to GaAs being subjected to tensile stress and Si being subjected to compressive stress.
Finite Element Thermal Analysis of the Structure
In this study, the finite element method is utilized to analyze the bonding stresses between Si and GaAs and the stress curves are obtained. The result is compared with that from Suhir's bimaterial thermal stress theory in the twodimensional space. Further, the finite element method is extended to three-dimensional space, and the visual displacement contours of the structure are given. The circular structure model is established by SolidWorks, as shown in Figure 2 , and the local finite element model is shown in Figure 3 . The plane of the circular disk structure is a horizontal plane ( plane), and the -axis is perpendicular to the disk structure. Hexahedral meshes are used in the overall structure, and the mesh density on the edge of the structure is increased by the manual intervention in order to get a more accurate result.
We can obtain the curves of the shearing stress, peeling stress, and radial normal stresses in the bonding interfaces at 20 ∘ C by theoretical expression of the thermal stresses and FEM software ANSYS Workbench, respectively, as shown in and (5) in the second section. Therefore, only one shearing stress and one peeling stress are analyzed. The radial normal stresses and circumferential normal stresses are the same, which are perpendicular to each other and parallel to the bonding interfaces, so it is only necessary to analyze the radial normal stresses.
Thermal Deformation Analysis of the Structure
As shown in Figure 7 , when the temperature of the structure is changed from 300 ∘ C to 20 ∘ C, the displacement contours in the -axis and -axis are generated During the annealing process, as the temperature decreases from 300 ∘ C to 20 ∘ C, the bonding wafers in direction and direction shrink due to cold contraction, resulting in negative displacement in direction. As shown in Figure 7 (a), the displacement direction is − on the positive half axis of , and the displacement is negative. The displacement direction is + on the negative half axis of , and the displacement is positive. The maximum displacement values of direction and direction are both 0.010519 mm, and their ratio to the radius is 0.010519/5 = 0.0021. In the bonding structure, Si is the upper layer and the lower layer is GaAs. The linear expansion coefficient of GaAs is 6.4 × 10 −6 K −1 , which is larger than that of Si, resulting in the shrinkage of GaAs being bigger than that of Si during the cooling process and the bonding structure protruding upwards. The maximum displacement in direction is 0.037991 mm and its ratio to the wafer thickness is 0.037991/0.35 = 0.1085457. It can be seen that the relative Advances in Materials Science and Engineering 5 displacement of the wafers in the axial direction is larger than that in the radial direction, but both of them are small. As shown in Figure 7 (a), the radial and circumferential displacement values at the edge of the wafers are larger, and the wafer interface is easier to slip and promotes the diffusion of dislocations. Thus, the shearing stresses and peeling stresses in the bonding interfaces are almost zero in the center of the wafers and increase dramatically in the edge area. From Figure 7 (b), due to the effect of the bending moment, the central region of the structure protrudes upwards. From formulas (1) and (2) in Section 2, it can be seen that the bending moment from the center to the edge is reduced to 0. The normal stresses are mainly affected by the bending moment and the shearing force, which confirms the trend from the center to the edge.
Mitigation Strategies of Thermal Stresses in the Bonding Interfaces

Analysis of Different Radius Bonding Structures.
From the above analysis, it can be clearly seen that the normal stresses (the radial normal stresses and circumferential normal stresses) are the main factors of the failure of the central region in the wafers and the shearing stresses and peeling stresses are the main reasons for the failure of the edge in the wafers. According to these features, the radial normal stresses away from the edge region of the wafers are studied with different radii. The radii are arranged as 5 mm, 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm, respectively, as shown in Table 1 . Based on the finite element simulation analysis, it can be found that the radial normal stresses away from the edge of different radius structures are basically unchanged, while the shearing stresses and peeling stresses are basically zero in the central area. Therefore, in the actual production process within a certain radius, in order to effectively reduce the thermal stresses of the structure, the radii of wafers can be increased, that is, larger than the 10% required, and then the thermal stresses can be reduced by means of cutting the edge of the wafers.
Effect of the Annealing Temperature.
According to the theoretical analysis of the second section, the annealing temperature affects the thermal stresses of the bonding interfaces. From the above modeling results, it is noted that the peeling stresses and shearing stresses at the edge area are the largest ones, while the normal stresses at the edge area are the minimum. The peeling stresses and shearing stresses away from the edge area are zero, while the normal stresses get their maximum at the edge area. Figure 8 shows the curves of maximum thermal stresses in the bonding interfaces at room temperature with different annealing temperatures (data from Si/GaAs bonding wafers with a radius of 10 mm).
As shown in Figure 8 , it is noted that the magnitude of thermal stresses increases linearly with the increase of annealing temperature. The higher the annealing temperature is, the greater the thermal stresses are. Therefore, reducing the annealing temperature is one of the effective methods to reduce the thermal stresses under the condition that the wafers can be properly bonded. Figure 9 shows the curves of maximum value of thermal stresses (shearing stresses, peeling stresses, and radial normal stresses) in the Si/GaAs bonding interfaces with a radius of 10 mm at 20 ∘ C with the various wafer thicknesses when the annealing temperature is 300 ∘ C. It can be seen from Figure 9 that when the thickness of GaAs is 0.3 mm, the thermal stresses increase gradually as the thickness of Si increases from 0.01 to 0.05 mm. The shearing stress and peeling stress are almost unchanged in the range of 0.05 to 0.4 mm. The radial normal stresses decrease slowly as the thickness of Si increases from 0.1 to 0.4 mm.
Effect of the Thicknesses of Si and GaAs.
As the thickness of Si is 0.05 mm, the thermal stresses have local minimum as the thickness of GaAs is 0.05 mm. The shearing stress and peeling stress are almost constant in the 0.1-0.4 mm range. The radial normal stress decreases when the thickness of Si increases from 0.15 to 0.4 mm.
From Figure 9 (a), it can be seen that when the thickness of GaAs is 0.3 mm and the thickness of Si is 0.05 mm, the radial normal stress is relatively small and the peeling stress and shearing stress increase slightly. From Figure 9 (b), it is noted that when the thickness of Si is 0.05 mm and the thickness of GaAs is 0.1 mm, the radial normal stress is relatively small, and the peeling stress and shearing stress increase slightly. These two structures can effectively alleviate the adverse effect of thermal stresses in the bonding interfaces.
Conclusion
In this study, the thermal stresses in the bonding interfaces are analyzed by Suhir's bimaterial theory. The thermal stress distribution in the bonding interfaces is obtained and the results are compared with the FEM simulation solutions.
Based on the comparison, the following conclusions can be made:
(1) By analyzing the thermal stresses (the shearing stresses, peeling stresses, and normal stresses) in the bonding interfaces, the theoretical analysis is consistent with the FEM simulation results. The shearing stresses and peeling stresses are zero in most areas of the center, but they only increase abruptly in the edge region. The radial normal stresses are certain values in most areas of the center, and they gradually reduce to zero in the edge region. In view of the analysis above, in a certain radius, in order to effectively reduce the thermal stresses, we can make wafer radius 10% larger than that required, and then the thermal stresses can be reduced by means of cutting the edge of the wafers.
(2) Under the condition that the wafers can properly be bonded, decreasing the annealing temperature is an effective approach to reduce the thermal stresses.
(3) As the thickness of Si is 0.05 mm and the corresponding thickness of GaAs is 0.1 mm or the thickness of GaAs is 0.3 mm and the corresponding thickness of Si is 0.05 mm, the radial normal stresses are relatively small, and the peeling stresses and shearing stresses increase slightly, which can greatly reduce the thermal stresses in the bonding interfaces. Therefore, the adverse effect of thermal stresses on bonding can be mitigated by changing the thickness of the two bonding wafers.
Future Work
The anticipated future work should include but might not be limited to the following major efforts:
(1) This paper aims at a bonding wafer with a thin Si on top of a thick GaAs for a solar cell specially. A reversed scenario with a thin GaAs on top of a thick Si in the common practical applications will be researched in the next research paper.
(2) This paper focuses on the thermal-mismatch stresses in the bonding wafer for a solar cell. However, it is a meaningful subject to explore the lattice-mismatch stresses and the comparison between the latticemismatch stresses and the thermal-mismatch stresses in bonding wafers in the next research paper.
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